To improve the thermal resistance of a porous borosilicate lining block, we prepared and applied polysiloxane-fumed silica-ethanol slurry on top of the block and fired the coating layer using a torch for 5 minutes at 800 o C. We conducted magnified characterizations using a microscope and XRD analysis to observe phase transformations, and TGA-DTA analysis to determine the thermal resistance. Thermal characterizations showed improved heat resistance with relatively high polysiloxane content slurry. Cross-sectional optical microscope observation showed less melting near the surface and decreased pore formation area with higher polysiloxane content slurry. XRD analysis revealed that the block and coating layer were amorphous phases. TGA-DTA analysis showed an endothermic reaction at around 550 o C as the polysiloxane in the coating layer reacted to form SiOC. Therefore, coating polysiloxane on a borosilicate block contributes to preventing the melting of the block at temperatures above 800 o C.
Introduction
orosilicate glass is a type of glass with silica and boron trioxide as the main glass forming constituents. Porous borosilicate glass blocks are widely used in flue-gas desulfurization (FGD), which is a desulfurization process for thermoelectric power plants. 1 -3 ) Porous blocks have continuously improved and are widely used in 150 m and 200 mclass FGDs.
The block is attached to the inside of the chimney with a polymeric adhesive and protects the chimney's structure, which is made of concrete or steel, from deteriorating in heat and corroding in strong acidic gas. In other words, the block is used as a lining material that protects the chimney from the 100 o C acidic gas that is a byproduct of the desulfurization process.
)
However, when an unexpected fire occurs in an FGD, an electrostatic filter module, or a heat storage module, during the operation of a thermoelectric power plant, the porous borosilicate blocks can be damaged in extreme fire conditions of 800 o C for a period of 20 minutes. In case of such a fire, the borosilicate blocks can crack due to thermal expansion or the surface of the block can melt, making the block inoperable.
If the crack propagates in the z-axis direction in normal operating conditions, the block is damaged and the chimney's structure is also damaged due to the continuous heat and strong acidic gas. Thus, there is a need to suppress crack formation and propagation in blocks and to extend the block service life. Accordingly, there is a need to develop a coating material with high heat resistance that can reduce damage from fire.
Polysiloxane has a continuous R 
Compared to other polymeric materials, polysiloxane has excellent thermal and chemical resistant properties. Therefore, it is widely used as a sealant, insulator, and coating on glass material.
, 7 )
In addition, Moysan et al. 8 ) have reported that polysiloxane can be easily converted to SiOC ceramic by thermal treatment, which implies that the base material(borosilicate) can be protected in a fire situation due to the endothermic reaction in forming SiOC.
On the other hand, fumed silica is used as an additive to enhance the density and strength of porous glass. Lee et al. 9 ) used waste glass, clay, and hollow micro-spheres as starting materials and fumed silica as additive, and obtained a higher density of 1.47 g/cm 3 compared to previously reported 1.21~1.25 g/cm 3 . Coating a borosilicate block used as a lining block in desulfurization equipment with polysiloxane, which has an excellent heat resisting property, can improve the heat resistance of the borosilicate block and prevent the formation of cracks in a fire.
In this research, we coated commercially used borosilicate blocks with slurries having varying contents of polysiloxane and fumed silica. Then, we treated the coated blocks with fire and conducted optical and thermal characterizations.
Experimental Procedure
We prepared a porous borosilicate block with 8.8 wt% We prepared a plurality of samples with 100 × 100 × 35 mm dimensions (length × width × height). Figure 1 shows images of the porous borosilicate block. Fig. 1(a) is a macro-image showing a black and glassy surface. Fig. 1(b) is a magnified image of the section circled in Fig. 1(a) . The block was porous; the average pore size was approximately 107 μm. 8 μm-thick walls separated each pore so that the pores had closed structures; this structure yields excellent heat-resisting and anti-oxidant properties.
As shown in Table 1 , we prepared two polysiloxane/fumed silica/ethanol slurries with different polysiloxane contents. Each slurry was placed in a 250 ml mixing container; we milled each slurry using alumina-balls at 250 rpm for 24 h. Then, using a brush, each slurry was uniformly applied on top of a borosilicate block at approximately 200 o C thickness; the blocks were dried for 6 h at 60 o C. Figure 2 is an illustration of a heating module for a borosilicate block. To simulate an incident of a fire, we used a butane-gas torch and heated the polysiloxane coated-surface of the borosilicate block for 5 minutes at 800 o C. While heating, we shielded the heating source and the borosilicate block with fire-resistant blocks to avoid loss of heat.
The temperature during the heating was measured at 10-seconds intervals using a two-channel thermometer with two thermocouples capable of measuring temperatures up to 1000 o C. The first sensor was located at 5 mm from the bottom of the borosilicate block inside the shielding through a hole; the second sensor was placed on the top surface of the block, at a point where the heating source cannot come into contact with it.
To observe the block's surface and the size of pores at the surface after the firing treatment, we used an optical microscope (GIA Instruments, 815000) with a digital camera (Nikon, Coolpix4500) attached to it.
To observe any phase transformation arising from polysiloxane coating or firing treatment, we employed X-ray diffraction equipment (PANalytical, X'pert-pro). The X-ray source was CuKα with wavelength of 1.5405 Å. The tube current was 40 mA and the acceleration voltage was 40 kV. The data was measured for 2θ ranging from 10 to 120°.
To observe the thermal properties and changes in melting point after coating the borosilicate blocks, we employed TGA-DTA equipment (Netzsch, STA409PC). Each sample was measured from 20 to 1000 o C at 10 o C/min heating rate in atmosphere. Figure 3 shows optical images of a cross sectional surface of the polysiloxane-coated borosilicate blocks after the firing treatment. Fig. 3(a) is an image of the reference sample without polysiloxane coating. The lead line indicates the thickness of the melted area with which the heating source came into direct contact. The thickness of the melted area, measured from the surface, was approximately 243 μm; the average size of pores near the melted area was 117 μm. Figure 3(b) shows an image of the block coated with S1 slurry (see Table 1 ). After the firing treatment, the thickness of the melted area was approximately 180 μm, which was a 25.9% decrease compared to the thickness of the reference sample. On the other hand, the average size of pores near the melted area was 113 μm, which was smaller than the pores shown in (a).
Results and Discussion
Figure 3(c) shows an image of the block coated with S2 slurry, for which the thickness of the melted area was 91 μm. This was significantly less melting compared to the reference or the S1 slurry-coated samples. In addition, the size of pores near the melted area was 111 μm, which was smaller than that of the pores measured in the reference or S1 slurry-coated samples. When the block is coated with a higher content of polysiloxane, which undergoes pyrolysis and an endothermic reaction, this leads to less melting on the surface and decreased rearrangements of pores. Therefore, the polysiloxane layer contributes to the prevention of damage on the borosilicate block surface in case of fire. Figure 4 is a graph showing temperature changes of the borosilicate blocks during firing treatment. The reference block without coating reached a maximum temperature of 800 o C in 60 seconds and maintained its temperature within the margin of error. On the other hand, the S1-slurry coated block rapidly reached 680 o C (in 100 seconds), but took about 320 additional seconds to reach the maximum temperature of 800 o C. The polysiloxane coating and the resulting heat resistance slowed the heating rate.
The S2 slurry-coated sample took approximately 340 seconds to reach the maximum temperature. The heating rate for the S2 slurry-coated sample was lower and, therefore, this result confirmed that heat resistance improves as polysiloxane content increases.
When a coating layer is formed, the endothermic reaction arising from the pyrolysis of polysiloxane yields a tempera- Fig. 3 . Cross-sectional microscope images of (a) the reference, (b) the S1-coated, and (c) the S2-coated lining blocks after firing treatment. ture gradient, which leads to a heating rate lower than that for the reference block. Figure 5 shows XRD patterns of the reference, S1 slurrycoated, and S2 slurry-coated blocks. All blocks were in amorphous phase without showing a clear peak within the 20~120°C measurement range, regardless of the firing treatment. This result shows that the blocks used in this experiment, including the product of lower polysiloxane reaction, which is a major component of the coating layer, and fumed-silica, were all in amorphous phase. Harshe et al. have reported a successful synthesis of bulk SiOC using polysiloxane as starting materials with heat treatment at 700 o C. Kim et al. 1 1 ) have reported the formation of amorphous SiOC from the pyrolysis of polysiloxane. Figure 6 shows TGA-DTA curves of the reference, S1-coated, and S2-coated blocks. Fig. 6(a) shows the results for the reference block. The change in weight as observed in the TGA graph was within the margin of error, and is thus insignificant. On the other hand, the DTA graph showed a weak heat absorption at 258.57 o C due to the evaporation of residual moisture in the block. Then, a strong heat absorption peak at 838.53 o C was observed after a continuous decrease.
We determined that the strong peak was due to the endothermic reaction of the solid borosilicate block undergoing a phase transformation to liquid state at its glass transition temperature. Essentially, this change is due to melting, which means that the block will melt in case of a fire; thus, this result implies a limitation to the heat resistance. Figure 6 (b) is a TGA-DTA curve of the S1 slurry-coated block. The TGA graph shows a decrease in weight at around 170~180 o C. We determined that this decrease was due to the loss of moisture and functional groups such as alkyl groups after crosslinking. Also, the DTA curve shows a heat absorption peak at around 550 o C that was due to the endothermic reaction of polysiloxane pyrolysis, polysiloxane → SiOC + C, and the corresponding heat absorption. On the other hand, we did not observe the strong peak that was observed in Fig. 6(a) . We determined, as with the results obtained by optical microscope, that polysiloxane coating contributes to the prevention of damage on the borosilicate block. Figure 6 (c) shows a TGA-DTA curve of the S2-coated borosilicate block. As with Fig. 6(b) , we did not observe any borosilicate melting reaction except for partial heat absorption at around 550 o C. The TGA graph shows a decrease in weight at around 180 o C, which was due to the removal of functional groups in polysiloxane.
As with the optical microscope and firing treatment analysis, this result revealed that the polysiloxane coating on the borosilicate block contributes to the prevention of borosilicate melting. Thus, the polysiloxane layer contributes to the prevention of damage on the borosilicate block in a fire.
Conclusions
We coated porous borosilicate blocks, used as lining blocks in a desulfurization system, with slurries with varying polysiloxane contents and analyzed the properties of the resulting borosilicate block. Optical analysis using a microscope showed pore size increase as the lining block was exposed to heat and less melting when a slurry with high polysiloxanecontent was applied. The temperature measurement confirmed that heat resistance improved when polysiloxane was applied because of the polysiloxane endothermic reaction and the corresponding heat absorption. XRD analysis showed no clear peaks, which indicated that the block was composed of amorphous elements. TGA-DTA analysis showed Fig. 6 . TGA-DTA curves of (a) the reference, (b) the S1-coated, and (c) the S2-coated lining blocks.
